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ABSTRACT 


A five microsecond, 15 joule, pulsed CO, Laser was used to irradiate polished 2024 
aluminum targets. The target voltage response (TVR) was measured with respect to the 
incident laser radiation and showed a pulse width on the order of 30 nanoseconds. The 
voltage was measured at values from 22 to 140 volts with resistances varving from one 
ohm to two mega-ohms. The TVR was correlated to the emission and blow-off of 
electrons from the target surface and the possible ignition of a Laser Supported 
Detonation wave. The TVR, laser pulse, and flash associated with target surface 
breakdown were time correlated and shown to happen within the first 170 nanoseconds 
of the five microsecond laser pulse. Currents up to 500 amps were observed when the 
resistance to ground was reduced to less than 1 ohm. Also, the magnitude of the TVR 


was shown to be a function of background gas pressure. 


TABLE OF CONTENTS 


I. INTRODUCTION 2.2... 220. .5 2 Sees oo ee l 
H. BACKGROUND AND THEORY 77.2.2 222 3 
A. PLASMA GROWTH .......0.4 54 009 es 9 epg gn 3 

B. LASER SUPPORTED ABSORPTION WAVES 9220 5 

Ll. LSD Wave occu. 225 0a ore eee errr een 7 

2. LSC Wave 2... eck so oe geen er scenic te ee en 7 

3. LSB Wave oes i 5 00 we ae eere teases eae en 7 

4. Ignition and Transition of Absorption Waves ......:2:. 255 8 

a. Ignition, Onset of Target Surface Breakdown ........... 7. 8 

b. Transition to a Critical Plasma Density “22222... el 9 

C.. UNIPOLAR-ARCING oie 10 

I. Quasi- Neutrality 225054 co a aow ea 6 ae 10 

2. Floating Potential: 2.24 ...4:2.% <1..< . eee i 

3. Sheath Width, Debve Length <<... -3egeRe een ee 1] 

4.- Unipolar-Are Model « «220 «<0. see ye 

Ill.. EXPERIMENTAL METHOD «12% 223 eer le 
A» “OBJECTIVES.” 2-2 a. 4 2S 2 ee eee 17 

B. APPARATUS ...5...%. 4 ses 5 2 eee eee 17 
C. PROCEDURE .......63.... 0.2 ee eee 1 

1. Target Preparation ... . «2 jee ieeeeeen ce) ee 17 

2. Voltage Measurement «| 255 yale ses ceee eee etree eee le 

3. Voltage, Pulse, Flash Correlation 2 2 )ge ayy yeaee en be 

4. Voltage VS Pressure Comparison ~. 2352 225 ee 20 

>. Current Calculations .. 2.9.4 6.0 en 20 

6. Energy per Pulse ..... . « ¢ 2) Re eee a 

IV. EXPERIMENTAL RESULTS .... .... ee 22 
A. TARGET VOLTAGE RESPONSE .. . 2. 22 
B. IVR, PULSE. AND FLASH CORRELATION ee 3] 


OTS? Gtr ere 
DOUDL Ev ‘erie pe 


il, (Cine hole BB ae eee ts ok 
2 SADC VSI JEASCOSUEES! oars 0 eres 
Co) JBIRIOS SIGURIE. (DE PIERS BIE (Je CUe a Lge 0) 0). 
ee Ce elm ie GT | O NSM eee, ea ee Gree ee 


TS BSUS EID STIS, (OO) SDS T I a le 
My DTDVATIES SOTERA CT ERIS EG I a 
SS DUISKCIUISSSS ODS 5 9 cco! aR eth en noe 

Pee Ve leastneiment electron EMISSION. a... 46s ou. sae. eee. 
Play epieascr tr ulsemialasn COMelatIOM 9s... as oe se ee se ee es 
Se WET IIS G.U COTS ae 
A Ree Gmienes ste ICPENnG@ence ewe a. . 66a os te eae. 
fo (UOC UIC STIMODSS SS 0 AUPE 5 0 on 


TATE DOSS) (S00 SON 
UST IEUSSIDU.OSS) 0 ]80 RRA 5 Sse eng 
es OO Ge ae ae RAE ee ee ee 
OT IESSIDNDS Do. eee a 

See Ole IO GOP TIME TOTVR. «262. e bases ee casa ceases 


ee wee@me lO Ol TASER PULSE INTENSITY ......6..005. 
Stet RO Uae vil OSION 2). os 56 oe Oe ee es 
D 


LIPRARY 
ATE SCHNOr, 
L ITA 93 7 45-8002 


ees ol) 


able 
Table 
Table 
Table 
Table 
Table 
Table 


i Gs to — 


~~] ON Ca 


LIST ORM ike 


. TARGET VOLTAGE RESPONSE DAT 23 
. VERTICAL AND HORIZONTAL MODE SEITE NGS eee ol 
RAW DATA 2.2... 006. eee ee oe 56 
. ENERGY PER SHOT ........ 550 Qe epee eee S|) 
. LASER FLOW,CHARGING CURRENT SETTINGS eee 3$ 


OSCILLOSCOPE SETTINGS FOR VOLIAGE NIEASU RES ee 
OSCILLOSCOPE SETTINGS FOR TVR CORRELA TIONS i eee 


V1 


Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
ficure 
Figure 
Figure 
Figure 
Figure 
i12Ure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 


Figure 


LIST OF FIGURES 


i. AWERSS Syiveleiqotersm Ono emul ich eGo GP t ON 1 a aca 4 

Pe ree OO NOM) Vc \ CSM ia isis GS Ne es ee es 6 

Peecemoummanted Blast yyave at Oblique Incidence ..........0.+.+5:. 7 
aeildsmiatOssiO the Slirlace 45 24. I i ae ets 13 
Sic a UFO TBE AIS AOC es ete RE 0 A Ae ee 14 

Gum cHictiomve: sunace \lisker and Associated Electric Field ......... 1D 

Feeney Sheimeom@ratens eee ranean cide doe ee dhe a ke we 16 

ee enc Uae NRMP CMICNE Ne a Fee oss sa oe eG ee Nee 18 
PG neu nmPiacrammeon y Ollage VieaSUreMment Ga... ee ee 19 
mm GmcwimeOicranm (or lime Gomelation, 25.42 2s. se eRe 20 
MIPPRNONIGCEM CS mONsemONOU!) “ak ice ee see Bike oe Wie Albee vetate ws. 24 
Mem OeMNGS ONS, ONOl 2 Geri eda Wel ae BA ee ee eee Rs 
2. Welle JI Negietey STERN) ae): Caen an 26 
Pome COM NG SONS, SINGNMENIN Ss 4 on 8 ea a eles lets eaten GS ee Oa 2/ 
[Re Oe CIN CHOMSE ONOC MEaMt 2 ses phe. ee a dee Ok 28 
omnes Re mbes ONS! SOL OMe Baan: Gs setn ees ee es we ee DY 
MMR ORI em ecDONSCrmOOte) (ste ei aed soe hk Re we ee 30 
a e@emamieascn FUlses Shot Sate eh ee ce ee eee > 3 
I mamumcasen fF UISe, SHOt 2° 54 eS es ee he ee ee ee a3 
Pe mame cceMISe “SNOl 5) Guta wens ca lek eee ee ee 34 
Pele weaser Pulse. onOt 40.255. 2s eka we ese awe ee el. 3S) 
POPs emaceleaser FUlISe. SOLD 204. 0.0 ee ec ee wee ee 36 
Pen Seeeleaser i MISewONCt Ole... 5.6 Gee ccc le oa ew ee By 
aang emecre IO ciee ONO ements ee NR s @ cea ys a eed ew a ww wee 38 
BS, TON. SIC [oR Ae 5 Suet ann a a a 40 
Pemmled -Cumaulice -OuNOl ©. ne Soe we Seb See a Se ee ee 4} 
27 I LSUS DS S15 OSS IIE cae Ren Gs ne rr 42 
Pm shomicasemil Wise) Plas oNOld. 6a 5 60 so SG we ee ae ee ee ee 43 
Pe cays Ee ReSSUTG MClatiOnSiip wees. c0.- 5s ct oe we ea ees 44 
Bimm@inmentos Resistance, Loo Scale siccc.g......cseeer secs reusss 46 
Pine Wissen S| MeSistance, | Wo Neca-Gnins to [10 Ohms »............ 47 


Vu 


Figure 
Figure 
Figure 


Figure 


. Current vs Resistance, 36 tomhome@lains 


. Current vs Resistance, | tos0ste@ ira 


. Characteristics of the TVR 


. Laser Pulse Extrapolation 


ee @ #6 @ © © @ @ @ © @ © @ © © # @ *#® #4 @ @ @ & © 
oo *¢- «© © @ € @ © © @ @€ ©€© © © ‘Ge 6 68 eee 
oe 8 ete ee e@ehemUOmUmUmUCOmUCUCOUmUC CUCM UOUCOmUC SC OlUC HC HhUC OOmUC HhUC HhUC CrUhUCOlhUlUhhCUCUhU DUC Sh CCU 8 Sees 


« @¢ @# @ @ @© @® @ @® @® @ @ @® @ ® @ @ @ @ @® @ @® ® @ @ @ @® @ @® @® @® @® %® 


Vill 


I INTRODUCTION 


When a laser pulse interacts with a target, several phenomena occur which result in 
damage to the target surface. These include a variety of thermal, impulse and electrical 
effects. It has been established by research conducted at the Naval Postgraduate School 
that when  laser-target coupling creates a plasma, the electrical effect 
(Unipolar-Arcing)! is the primary damage mechanism [fref. 1]. The theory of the 
Unipolar-Arc was first discussed by Robson and Thonemann in 1958 fref. 2]. Their re- 
search, in part, focused on plasma surface interactions and the arc sustained therein. 
Subsequently, Schwirzke has refined the Unipolar-Arc model by elaborating on the 
set-up of electric fields in the plasma which drive the arc [Ref. 1]. 

Further investigations of this model have suggested that large currents may be in- 
duced within a target subsequent to plasma growth.2 Specifically, an experiment con- 
ducted in Garching, Germany in 1983 showed that laser irradiances of 3.33 x 10" watts 
incident on spherical metal targets caused enormous plasma growth and damage. In 
fact, a plasma literally exploded from the copper stalk on which the targets were 
mounted fref. 3]. Accepted theory indicates that in order to create a plasma, an initial 
electron density of sufficient temperature must be present in order to create ions from 
surrounding neutrals. via collisions. However, where these initial electrons come from 1s 
littie understood. In fact, understanding of the first events in the laser-target interaction 
is significantly lacking. Nevertheless, 1t was postulated that if the target were the source 
Of the initial electron density, then to sustain anv emission of electrons from the target 
surface, a current would have to exist. Therefore, it was proposed that a measurement 
of a target voltage response (TVR), would allow for the deduction of target currents, 
given that the resistance to ground was known. 

The initial objective of this thesis, therefore, was to set up an experiment that would 
measure a TVR from which target currents could be deduced. In so doing. this would 
confirm and quantify the existence of target currents and show that the target was in- 


deed the source of the initial electron density. 


1 It should be noted that Unipolar-Arcing damage occurs in both conducting and non- 
conducting matenals. 

2 An application of a large current surze would be possible damage to internal electrical 
components. 


Preliminary results showed that a TVR, of positive polarity, did occur and that its 
duration was on the order of 30 nanoseconds. Time correlation of the TVR with the laser 
pulse width showed that the event occurred verv early in the laser-target interaction. The 
characteristics of these results indicated that what was being observed was related to the 
phenomenon of the Laser Supported Detonation (LSD) wave.3 This is because the 
emission of electrons from the target surface, which the TVR indicated, could be inter- 
preted to be the ignition mechanism for an LSD wave. Interestingly enough, ignition 
mechanisms for LSD waves are poorly understood. Since 1971, at least ten have been 
proposed, and of these, electron emission 1s considered the most probable [ref. 4]. Sim- 
larly, it was determined that the laser pulse intensity was high enough to produce LSD 
waves based on thresholds established bv Walters in the early 1970's [ref. 5]. Therefore, 
not only did the experiment suggest that the target was the source of the initial electron 
density, it also appeared that the ignition mechanism for LSD waves was electron emis- 
sion. Hence, a second objective materialized from the first. which was to explain how 
electrons could escape from the target surface with enough energy to start ionization 
processes and plasma growth. In short, a model was produced explaining how the 
electron blow-off phenomenon occurred. Finally, the data indicated that the TVR was 


a function of background gas pressure. 


3 An LSD wave is a type of Laser Supported Absorption wave. See Background and Theory 
for details. 


to 


II. BACKGROUND AND THEORY 


When an intense laser pulse strikes a target, a variety of thermal, mechanical, and 
electrical events occur which cause the formation of a plasma and subsequent damage 
due to Unipolar-Arcing. The thermal effect is the vaporization process created by in- 
duced high temperatures. Mechanical effects include sputtering, impulse and shock 
phenomena. The electrical effect has been determined to be primarily Unipolar-Arcing 
[ref. 1]. In association with these, it has been shown that for laser intensities on the or- 
der of 10° ~ 108 watts per square centimeter, a Laser Supported Detonation wave will 
occur. To complicate matters, none of these phenomena are unrelated. However, for 
clarity, the topics presented here will be dealt with as separate entities. Any significant 
overlap will be mentioned as required. The mechanical effects will not be dealt with in 
any detail. However. LSD waves could be considered mechanical due to their shock 
nature [ref. 6]. Suffice it to sav, the overall result is the creation of a plasina which grows 
to a critical density, eventually shielding the target surface from the remainder of the 


laser pulse. 


A. PLASMA GROWTH 
Generally speaking, the first target response with respect to incident laser radiation. 
is Surface contanunant desorption. This event occurs within the first few nano-seconds 
of the laser-target interaction and results in the immediate buildup of a neutral densitv 
close to the target surface. This buildup is essential for the plasma creation process. 
For a metal target, assuming perfect reflection, a standing wave will occur at the 
target boundary due to the superposition of the incident and reflected electromagnetic 


waves. Therefore, the trme average spatial intensity 1s given by; 





2 Dee ae 
fe = 4E5sin’( ; ) (1) 
c. r ee: ee 
Maxima will occur at distances equal to wr a, ae Assuming an initial electron den- 
. e . Py . e } 
sity, the neutrals created by desorption will first become ionized at a distance, D=— 


A 
from the target surface, creating a plasma. This is because the electrons will be heated 


most at the maxima of the standing wave, causing rapid ionization of neutrals in the 


region. Of course, this will occur at other standing wave maxima, but on a lesser scale 


due to the fall off of the neutral density farther from the target surface and a reduction 


of the reflected wave due to absorption. See Figure 1. 
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Figure 1. Wave Superposition and Plasma Growth 


As this process continues, the plasma grows, eventually reaching a critical density. 
This occurs when the frequency of the laser (w) equals the frequency of the plasma 


(o.). The plasma frequencwais rene 


re 
Ws a Eg? , ' (*) 





Where, 


wm, = Plasmas requemne. 


P 


n= Plasma Densitv 


wm, = Electron \viass: 


Hence, cutoff will occur at a critical density », when w = @,, 


2 
re — | (3) 
€ 
This critical density is calculated to be 9.99 x 10"8cm- for a CO, laser [ref. 8]. Notice that 
this theory is based on the assumption, that an initial electron density exists. But, how 
these electrons come about was not addressed. If it could be shown that the initial 
electrons came from the target, as could possibly occur in the ignition process for a La- 


ser Supported Absorption (LSA) Wave, then this question would be answered. 


B. LASER SUPPORTED ABSORPTION WAVES 
In the early 1970's, experiments conducted at atmospheric pressure, showed that 

high intensitv laser pulses incident on metal targets created plasmas [ref. 9]. The mech- 
anisms by which these plasmas were formed were termed Laser Supported Absorption 
waves. These waves were characterized by an ignition, transition, and propagation 
process whereby a plasma was created and target shielding occurred. In a vacuum, 
desorption causes an expanding neutral gas laver from which LSA waves are able to in- 
Mace, Iherefore, LSA wave theory is applicable to this experiment. LSA waves are 
generally grouped under three headings; 

Saelascr supported Detonation (LSD) Waves 

Seieaser Supported Combustion (LSC) Waves 

e Laser Supported Blast (LSB) Waves. 


Beae characteristics of these waves were described by Hall et. all [ref. 9] in a report pub- 
lished in 1973 concerning LSA wave phenomena. The following is a summary of each 


meave. Refer to Figure 2 on page 6. 
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Figure 2. Laser Absorption Waves 


1. LSD Wave 
This wave was ignited. at atmospheric pressure, by high intensity laser radiation 
(approximately 10 ~ 10° watts per square centimeter) and was characterized: by what 
looked like a supersonic spark that traveled up the incident laser pulse.[ref. 4] 
pe eS ave 
The Laser Supported Combustion wave appeared as a luminous column which 
propagated at less than the speed of sound up the incident laser pulse while remaining 
in contact with the target surface. LSC wave propagation occured when incident laser 
puise intensity was on the order of 10° ~ 10° watts per square centimeter. [ref. 4] 
3. LSB Wave 
Blast waves were shock fronts consisting of plasma jets that propagated outward 
normal to the target surface regardless of the angle of incidence of the laser pulse. Note 
that the LSB wave can be experimentally distinguished from the LSD or LSC wave by 
allowing the laser pulse to be incident upon the target at an angle other than normal. 
This affords discrimination between the waves because the LSC and LSD waves propa- 
gate up the incident pulse while the LSB wave propagates normal to the target surface 


mcearscussed {ref. 9}. See Figure 3. 
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Figure 3. Laser Supported Blast Wave at oblique incidence 


4. Ignition and Transition of Absorption Waves 
As mentioned, the LSA wave was treated as an ignition and transition process 
leading to the growth of a plasma.4 The ignition process was where the first few electrons 
and ions were produced. For example, these first few electrons could come fyommune 
target surface as a consequence of the laser-target interaction. These electrons would, in 
turn, start the 1onization process. The transition process was where initial ionization 
was carried into a dense plasma. Currently, the ignition process is considered the onset 
of target surface breakdown, while the transition process leads to the critical density. 
a. Ignition, Onset of Target Surface Breakdown 
Harrison and Neighbours [ref. 4] summarized in their report that the surface 
ignition process for LSA waves was not well understood. Of the ten mechanisms pro- 
posed since 1971], the more plausible are listed below.5 
e Atom emission 
e lon emussion 
¢ Thermionic Electron emission 


e Field enhanced enussion 


e Schottky emission 


It should be noted that these ignition mechanisms concern enussion with respect to at- 
oms contained on the target surface. For electrons, they are considered to be a part of 
the target lattice structure. In other words, neutrals associated with background gas 
pressure, are not considered as ignition sources. Of the listed mechanisms, electron 
emission bv a thermionic process, was considered the most probable for LSD waves. 
However, field enhanced emission also seemed possible. In either case, the assumption 
of an initial electron density in the development of the plasma growth theory [ref. 1] in- 
directly supported the assertion that electron emission was probable for LSD waves. 
This is because electron emission from the target surface could explain how an initial 
electron density could be established. Therefore, if it could be shown that electrons were 
emitted from the surface of the target in a time interval considered short with respect to 
the length of the laser pulse, then a sufficient amount of electrons would be present to 
start the plasma growth process. Single electron, atom, and ion emission are not feasible 


candidates for laser ignition mechanisms. This is because the photon energy of the CO, 


4 Propagation of the wave will not be dealt with here. See [ref. 4] for more information. 


5 See [ref. 4] for detailed summanies of each. 


laser 1s simply not large enough to impart enough energy to photo-emit an electron, 
vom. OF 1011. 
b. Transition to a Critical Plasma Density 

Upon completion of an ignition process, the initial plasma laver is formed. 
The transition to a dense plasma can best be understood as a series of productive and 
dissipative events. The productive processes must outweigh the dissipative in order to 
establish a critical density [ref. 4]. For the purposes of simplicity, this discussion will 
show single atom, single photon, and single electron interactions. To generalize, one 
would have to sum the interactions of each photon, electron, etc.. It 1s easy to appreciate 


that this process would be difficult.6 


Any mechanism which increases the absolute number or density of electrons is pro- 
ductive, any which decreases the electron population 1s dissipative [ref. 4]. 


(1) Production of Electrons and Ions. Ordinarily, it would be assumed 
that photons from the laser pulse would couple with the growing neutral population due 


to desorption to produce either excited atoms or ions as follows. 
hy + A — A” (4) 
a ees (5) 
where, 
hv = Quantum of Energy 
ff = Cin 
en 


A™ = Excited Atom 


e = Electron. 


However, this multiphoton ionization process is not probable for the CO, Laser because 
its photon energy is only 0.1 electron volts. Multiphoton ionization requires photon 


energies above | electron volt [ref. 4]. Consequently, the plasma growth mechanism 


6 For another viewpoint see Schwirzke’s treatment of plasma growth from the wave per- 
spective (ref. 1]. 


would be due to heating of free electrons. Here, sufficiently energetic electrons could 


ionize a neutral atom as follows: 
e~+A>2e +A, (6) 
mn here 


e * = Energetic Electron. 


(2) Dissipation of Plasma. The dissipative processes considered are col- 
lisional de-excitation, 


e +A*~>Ate”, (7) 
radiative recombination, 
e +A —A+t+ My, (8) 


and three body recombination. Three body recombination occurs when an electron 
colhdes with a third body in close proxumty to an ion. The resultant transfer of mo- 
mentum from the electron to the third body, allows the ion to capture the electron. It 
should be noted that colhsional de-excitation is a dissipative event for ions but a pro- 
GuCiIVe event fOr electrons, 

As the production processes overwhelm the dissipative processes the 
plasma density grows. When the plasma reaches a critical density, the remainder of the 
laser pulse 1s shielded from the target and the energv 1s transferred from the pulse to the 
plasma via absorption and heating. Once this hot and dense plasma is created, damage 


occurs to the target surface via Unipolar-Arcing. 


C. UNIPOLAR-ARCING 
1. Quasi-Neutrality 


The dense plasma created is assumed to be quasi-neutral. That 1s; 
NX; (9) 
where, 


n, = Electron Density 


n; = Ton Density. 


In other words, the plasma is neutral enough for equation (9) to be true, but not so 
neutral that “ ...all interesting electromagnetic forces vanish.... ” [ref. 7] If some hot 


electrons are energetic enough to escape the boundaries of the plasma, which is normally 


e 





Mie case, then potentials on the order of would leak into the plasma causing finite 


é 
electric fields to exist [ref. 7]. It is the dvnamics of these electric fields which set-up and 
drive the arcs which cause laser pitung damage. 
2. Floating Potential 

A dense plasma in contact with the target means that there will be loss of 
electrons and ions to the target surface. Furthermore, quasi-neutrality requires that the 
loss rate of electrons and ions be equal. In order for this to occur, the plasma potential 
must always be positive with respect to the surface of the target, see Figure 4. Therefore, 
this sheath potential. the potential difference between the plasma and the target surface, 


has been defined as a floating potential and is given by, 


po gamed (10) 
f 2e 27M, 





where, 


AT, = Electron [Thermal Energy 
ie=1Oneviass: 


3. Sheath Width, Debye Length 
The width of the sheath 1s proportional to the Debye length and is derived from 
Poisson's equation and the Boltzmann relation as follows. Poisson’s equation is; 
e(n; — Hp) 


arm (11) 


At infinity 1, 1,, and the Boltzmann relation for electrons is: 





Hote ceniien, (12) 


Expanding the exponential in a Taylor series and neglecting second order terms gives; 
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where 1, has been replaced by n. For a planar case, V — ik and V? > — k?. Therefore, 


SO, 
van | 
Cl le ee 
oy 
Wiere: 


as kod = red (14) 
Eg Ne 
al. nye” (15) 
Eqhele 
, then the Debye Length 1s; 
NOLS 
= —— ; (16) 
0 


Ey = Permittivity 


Ng = Plasma Density. 


4. Unipolar-Arc Model 


The sheath potential, equation (10), controls the amount of the plasma loss to 


the surface. In effect, the potential accelerates ions and reflects all but the most energetic 


electrons such that ions and electrons reach the surface in equal numbers. See Figure 4 


on page 13. 


Figure 4. 
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Plasma Loss to the Surface 


Since the ions are more massive, they cause desorption and sputtering of loosely bound 
atoms which in turn are candidates for further ionization. Anv ion or electrom recommen 
nation with the surface will contribute to surface heating. The Unipolar-Arc occurs 
when a local increase in sheath potential due to non-uniformities of the tarset sarin 
causes an increase in electric field and subsequent energetic emission of electrons from 
d CAlhOde Sap tee eler TO Fisuyen=s: 
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Fisure 5. Unipolar Arc Nlodel 


The geometry of this potential buildup was developed by Schwirzke [ref. 1] and 
is depicted in Figure 5. Notice that return current is accounted for bv a corresponding 
decrease in sheath potential adjacent to a local buildup of plasma densit}siiiismees 
electrons are emitted from the cathode, more electrons from the plasma are ablentomaas 
turn to the surface and sustain the are current. Therefore, the target serves as Doummmae 
anode and ine cathode, hence the term unica 

As previously mentioned. the cause of the local potential buildup was the result 
of non-uniformities in the target surface. Specifically, whiskezs [ref. 6) camusenmeumms 


cathode spots from whith an arc would initiate: neler your aneue 
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Figure 6. Depiction of Surface Whisker and Associated Electric Field 


Once arcing starts, the whisker literally explodes and a crater is driven into the target 
surface, forming a tunnel, as high temperatures cause vaporization of surrounding at- 
oms. Again, see Figure 5 on page I4. The arcing process will continue as long as the 
electron temperature and the corresponding electnec field remain large enough to sustain 
the arc. Specifically, as the cathode spot tunnels into the surface, the surrounding plasma 
ends up conforming to the shape of the developing crater increasing the local plasma 
density. This increase of the local plasma density acts to reduce the electron temperature 
femeeras: oS to a point where arcing would cease. Tvpical arcing craters are shown in 


ictiges (On pace 16. 
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Figure 7. Typical Arcing Craters 


Hl. EXPERIMENTAL METHOD 


De OBJECTIVES 

The motivation for this experiment, as previously discussed, was to deternune where 
the initial electron density originated, and to deduce the magnitude of target currents 
induced by the laser-target interaction. To this end, the following objectives were pur- 


sued. 


e Measure the Target Voltage Response (TVR) of 2024 aluminum targets with re- 
spect to pulsed CO, laser radiation. 


e Time correlate the TVR with the laser pulse and the flash associated with target 
surface breakdown. 


¢ Deduce currents induced by the laser-target interaction. 


e Determine background gas pressure dependence. if any, of the TVR. 


B. APPARATUS 

Pierce ioipent used in the experiment included the Lumonics TE-877HP CO, TEA 
pulsed laser, the VEECO vacuum svstem, the RJ-7000 energy meter with associated en- 
ergv probe, an infrared pulse detector model DMSL-12, a photodiode flash detector. a 
7104 Tektronix oscilloscope, and a Tektromix oscilloscope camera. A ZnSe beam splitter 
was used in conjunction with a ZnSe lens and window to direct and focus the laser pulse 
to the proper position on target. Wojtowich [ref. 6] gives excellent descriptions, with the 
exception of the photo-diode, of the mentioned apparatus and should be referenced for 
miore information. Pertinent parameters will be provided about equipment as the context 
of the discussion dictates. Laser gas settings and oscilloscope set-up for each phase of 
the experiment are tabulated in APPENDIX C. The basic equipment arrangement was 


presented by Wojtowich [ref. 6] and is shown in Figure 8 on page 18. 


C. PROCEDURE 
1. Target Preparation 
Twenty cylindrical aluminum 2024 targets were prepared from one-half inch di- 
ameter aluminum stock. The targets were machined to approximately one-half inch 
lengths and the surfaces were prepared by polishing with 0.05 micron alumina. 
2. Voltage Measurement 


In order to measure the TVR, a single 12 gage copper lead was connected to the 


target, axlallv. along its edge. The target was isolated from the vacuum chamber by 
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Figure 8. Experimental Arrangement 


mounting it to a non-conducting phenolic holder. The copper lead was subsequenuy 
connected to the oscilloscope via a 100 to one voltage divider. Ground was established 


as shown in Figure 9. 
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Figure 9. Circuit Diagram for Voltage Measurement 


The oscilloscope was triggered via the sync-out terminal on the Lumonics Laser. This 
was done because the svnc-out pulse was a function of the main discharge current and 
it was felt it provided for a sufficient triggering window for target voltage measurement. 
3. Voltage, Pulse, Flash Correlation 

Time correlation of the TVR, laser pulse, and flash proved to be a much more 
difficult and exciting endeavor. Ideallv, a dual beam oscilloscope would have greatly 
simplified the process allowing for one beam to trace the TVR while the other traced the 
laser pulse or the flash and vice versa. However, the time intervals involved precluded 
the use of the only one available. Resorting to the single beam scope, correlation was 
accomplisned bv chopping two signals or bv double and tnple exposing single events. 7? 
Care was taken to ensure that the leads from the laser pulse detector, flash photo-diode 
and target were all the same length in order to preclude introduction of systematic errors 


Mimorooservations With respect to timing of the events. See Figure 10 on page 20. 


7 See resuits section for more information. 
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Figure 10. Circuit Diagram for Time Correlation 


4. Voltage VS Pressure Comparison 
To establish any pressure dependence of the voltage response, the experimental 
apparatus Was set up in accordance with Figure § on page 18 and Figure 9 on page 
19. Oscilloscope settings are tabulated in APPENDIX C . Pressure was measured wim 
Granville-Philliips vacuum gage, series 275, connected to the vacuum chamber. Unitsgem 
measurement were milli-torr. 
>. Current Calculations 
Currents were deduced from the observed voltages and the fixed resistances to 
ground which varied from two mega-ohnis to 0.1 ohms. Resistance to ground was re- 
duced to less than ohm in order to encourage current flow in the case that electrons ene 
being emitted from the target surface. See Figure 9 om page 19. Raw data forsee. 


observations can be found in APPENDIN Ay 


6. Energy per Pulse 

The energy per pulse of the CO, laser was a function of the gas flow and 
charging current. For this experiment, settings for these parameters were kept constant 
for each phase. These settings are tabulated and shown in APPENDIX C. Ideally, the 
energy per pulse for the given settings should have been I5 joules per pulse. However, 
since observed energies per pulse varied significantly from this, it was felt that measured 
baseline energy per pulse should be established by recording energies for 25 shots taken 
over five consecutive davs. This value was then used In any subsequent calculations. 
See APPENDIX B for data. 


21 


iV. EXPERIPTENTAL RESUS 


A. TARGET WOLTAGE RESPONSE 

The data showing how the aluminum target responded to the incident laser pulse 1s 
tabulated below. Each shot is correlated to a subsequent figure showing what was ob- 
served on the oscilloscope at the time of the event.8 Refer to Figure 8 on page 18 and 
Figure 9 on page 19 for equipment configuration. The resistance columin indicates what 
resistance was used with respect to ground. Pulse width and voltages were taken directly 
from the figures presented. The voltage shown in the table is the actual voltage. That 
is, the 100 to one voltage divider has been taken into account. Unfortunately, the grid 
pattern for the scale does not appear clearly for all data presented. This was due to the 
short pulse duration of the TVR and the required film speed to show the sweep properly. 
On one hand, too much grid lumination tended to wash out the sweep. On the other 
hand, too little illumination showed the sweep properly, but the grid appeared weak. 
Occasionally, as luck would have it, a nice compromise was reached. In any case, for 
those figures where the grid docs not show properly refer to the table for appropriate 


pulse width and height values. 


8 Validation of the TVR was accomplished by shielding the target from the laser pulse dunng 
a shot and observing that the target voltage response did not occur. When the shield was removed 
a TVR was observed. Therefore, spunous oscilloscope pick-up was ruled out. 
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Table 1. TARGET VOLTAGE RESPONSE DATA 


Shot Pressure (torr) Resistance (ohms) Energy (J) 
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Figure 11. Voltage Response, Shot 1 





Figure 12. Voltage Response, Shot 2 
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Figure 13. Voltage Response, Shot 3 





Figure 14. Voltage Response, Shot 4 
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Figure 15. Voltage Response. Shot 5 





Figure 16. Voltage Response, Shot 6 





Figure 17. Voltage Response, Shot 7 
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B. TVR, PULSE, AND FLASH CORRELATION 

Since the TVR observed and shown in part A, showed a pulse width on the order 
of 30 nano-seconds, it was not obvious that the time correlation of this event with the 
others would be possible. In other words, it was surmised that the TVR might not show 
on the time scale of the laser pulse or of the light flash. However, with much work and 
some luck, these correlations were accomplished with the oscilloscope in the chop mode 
and later via multiple exposures. For this phase of the experiment the pressure was held 
aieex 10- torr. 

1, Chop Mode 

The data for the correlation of the target voltage response with respect to the 

laser pulse and flash associated with target surface breakdown are presented as a se- 
quence of figures. For this data, the oscilloscope was used in the chop mode with inputs 
to the scope in accordance with Figure 10 on page 20 and APPENDIX C. Table 2 
presents time and voltage scales for each shot. These scales are also indicated on each 
figure. Vertical mode equates to voltage per division and the horizontal mode equates 
to time per division. Shots one through five indicate correlation of the TVR to the laser 
pulse. The sharp spike occurring very earlv, in fact immediately, in the sweep, was the 
TVR. The wider pulse was a representation of the laser pulse. Each subsequent shot, 
through five, was taken for better time resolution of the events. Hence as the time per 
division scale narrowed the TVR widened while the majority of the laser pulse was lost 
in the presentation, as would be expected. Similarly, shot 6 correlated the target surface 
breakdown flash with the laser pulse and, finally, shot 7 showed the TVR against the 


flash. LP indicated in the figures stands for laser pulse. 


Table 2. VERTICAL AND HORIZONTAL MODE SETTINGS 


Vertical Mode Horizontal Mode 
Shot 
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Figure 18. TVR and Laser Pulse, Shot 1 
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Figure 19. TVR and Laser Pulse, Shot 2 
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Figure 20. TVR and Laser Pulse, Shot 3 
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TVR and Laser Pulse, Shot 4 
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Figure 22, TVR and Laser Pulse, Shot 5 
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Figure 23. Flash and Laser Pulse, Shot 6 
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Figure 24. Flash and TVR, Shot 7 


2. Multiple Exposures 

Since the chop mode gave a respectable, albeit qualitative, showing of the time 
relationship between these three events, it was felt that information was being lost in the 
gaps of the chop. In fact, it appeared, unbelievably, that the TVR occurred prior to the 
arrival of the incident laser pulse, see Figure 21 on page 35 and Figure 22 on page 36. 
It was decided that a multiple exposure of these single events would give insight into 
what was being observed. Therefore, the next four figures show the TVR, the laser 
pulse, the flash, and the superposition of all, respectively. The vertical and horizontal 
modes for the oscilliscope were 100 milli-volts and 200 nano-seconds as 1s indicated on 
each figure. These data show a quantitative relationship between the events. The 
superposition of the single events indicated that the TVR and the flash associated with 
target surface breakdown occurred approximately 200 nano-seconds into the laser pulse. 
Refer to figure 28. It was noted that the first response of the laser pulse sweep was 
negative, see Figure 26. This was attributed to a reverse voltage bias in the amplifier 


of the laser pulse detector. 
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Laser Pulse, Shot 2 


igure 26. 
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Figure 27. Flash, Shot 3 
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Figure 28. TVR, Laser Pulse, Flash, Shot 4 
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C. PRESSURE DEPENDENCE OF THe 


Data contained in Table | on page 20 in association with Figures 10-16 on pages 
21-22, indicated that the magnitude of the voltage response was indeed a function of. 
or dependent upon the background gas pressure. In order to see this relationship more 
clearly, a voltage vs pressure graph is presented in Figure 29. Notice that the data point 


from shot 7 is not used since the resistance to ground was not consistent with the others. 
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Figure 29. Voltage vs Pressure Relationship 


D. CURRENT DEDUCTIONS 


Deduction of the currents associated with a given voltage pulse were obtained from 
Oras 


7 
Le (13) 


The data for this phase of the experiment is contained in APPENDIX A. Voltages were 
observed as indicated on the oscilloscope. The controlled parameter was the resistance 
to ground and was varied from two mega ohms to 0.1 ohms. Figure 9 on page 19 shows 
how and where, in the circuit. ground was established. Figure 30 shows the entire 
spectrum of data with resistance plotted, on a log scale, against the current. Subsequent 
figures expand these data for a closer view. Figure 31 presents the data from resistances 
of two mega ohms to 110 ohms. Figure 32 shows the relationship from 36 to 15 ohms. 


Figure 33 consists of data from one to 0.1 ohms. 
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Figure 30. Current vs Resistance, Log Scale 
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Figure 31. 
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Current vs Resistance, Two Mega-Ohms to 110 Ohms 
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Current vs Resistance, 36 to 15 Ohms 
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Figure 33. Current vs Resistance, 1 to 0.1 Ohms 
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V. ANALYSIS OF DATA 


A. DATA CHARACTERISTICS 
The following characteristics of the TVR and associated events were noted. 
e In all cases, the voltage response was initially positive (Figures 11-17). 


e At lower pressures less than 50 torr, the TVR showed a unique double spike phe- 
nomenon {ricures:! 1 /ls))G andes) 


e The magnitude of the TVR was inversely proportional to the background gas 
pressure (Ficme 29). 


e In all cases, the initial positive spike was followed by a residual negative potential 
(ieicunes: | lea): 


e The TVR occurred 170 nano-seconds into the laser pulse (Figure 28). See Appendix 
D for calculation. 


e The TVR and the flash associated with surface breakdown occurred at the same 
tine “(isuress2 ang 26) 


e The maximum target current induced was 500 amps (Figures 30-33). 


e The mean pulse width of the TVR was calculated to be +30 nanoseconds. 


B. DISCUSSION 
1. TYR Measurement, Electron Emission 

Interpretation of the TVR proved difficult. The positive nature of the initial 
voltage spike, certainly implied that the target had emitted electrons from the surface. 
However, the explanation of how this occurred was not easy. Photo-emission was im- 
mediately ruled out due to the low photon energy of the CO, laser. Initially, 1t was felt 
that thermionic electron emission was possible due to the fact that nine electron volts 
per atom of laser energy could be deposited to the first laver of atoms in the focal spot 
area on the target. This would occur in the 170 nano-seconds prior to the TVR and 
subsequent electron emission. See Appendix D for details. However, this arguement 
failed when reflectivity, heat conduction, and skin depth were accounted for. For exam- 
ple, Schriempf [ref. 10] showed that the absorptivity of 2024 aluminum at room temper- 
ature was only 0.03 at 10.6 yi. Taking this into account, the energy per atom rapidly 


fell below 1 electron volt,9 ruling out the possibility of thermionic emission. This also 


9 The work function for aluminum 1s 4 electron volts. 
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ruled out Schottky emission since this mechanism is mainly thermionic, enhanced by an 
external electric field. 

In order for field enhanced emission to work, electric fields on the order of 
~ 105 volts per centimeter must be established [ref. 4]. Integration of the laser pulse from 
initiation to 170 nano-seconds, gave an energy value of 1 x 10~* joules, and an irradiance 
of 666.6 watts per square centimeter, which would correspond to a wave electric field 
of ~ 10° volts per centimeter. This value is too low. However, if surface features are 
taken into account, field enhanced emission could work. For example, assuming that a 
few electrons are already present at the distance a then ionization of some neutrals 
would occur. For convenience, these first few electrons can be defined as anomalous free 
electrons . Any plasma ions created near A would be subject to a pressure gradient and 


4 
an associated ambipolar electric field, 
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E 
Ci 


Joe 





This equation 1s derived from the fluid equation of motion [ref. 7]. The assumptions are 
@iatea lirst Order, steady state condition exists where the magnetic field is zero. This 
pressure gradient Would cause some ions to move toward the target surface. Due to the 
non-uniform nature of a surface whisker and its associated electric field, a concentration 
fieroms “ould occur near it. This would, in turn. create a local increase in the sheath 
electric field. Since field emission increases sharply with an increase in electric field, a 
sharp onset of electron emission would occur. Therefore, the target would charge posi- 
tive with respect to the vacuum chamber, as the TVR indicates. So, 1t was proposed that 
field enhanced emission caused the burst of electrons from the target. Of course, the 
assumption that a few anomalous free electrons were already present was necessarv. 
The proposed sequence of events 1s as follows. 


e The laser pulse strikes the target causing immediate desorption of contaminants 
and an expanding neutral gas. 


e An electromagnetic standing wave is established due to the superposition of the 
incident and reflected waves. 


¢ Anomalous free electrons interact with the standing wave causing ionization of 
some of the expanding neutrals. 


e Some ions move toward the target due to the electric field caused by pressure gra- 
dients normal to the surface. 


| 


e A concentration of these ions around a surface whisker, Figure 6, results in a local 
increase in the sheath electric field and subsequently causes field enhanced emis- 
sion. 


e The sudden emission of electrons from the surface produces the observed TVR. The 
escape of a few very fast electrons from the plasma results in both, the target and 
the plasma in front of the target. assuming a positive potential with respect to the 
surrounding vacuum chamber. It should be noted that the sheath between the 
plasma and the target still exists, with the plasma being more positive than the 
tanee. 


¢ The injection of electrons into the plasma, and the intense heating of electrons in 
tie si region, causes rapid plasma growth to the critical density. 
e The build-up of the plasma density near the whisker, leads to further electron 
eimussion. The whisker explodes and a Unipolar-are forms. 
Since the floating potenual V,, equation (10), requires that the target be negative 
with respect to the plasma in contact with it. the residual negative potential of the TVR 
1S interpreted to mean that the plasma has reached critical density and ts interacting with 


the target surface. See Figure 34. 
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Figure 34. Characteristics of the TVR 
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2. TVR, Laser Pulse, Flash correlation 

Correlation of the TVR with the laser pulse showed that a voltage response 
occurred approximately 170 nanoseconds into the laser-target interaction. Similarly, 
correlation of the TVR with the target surface breakdown flash showed that it was the 
beginning mechanism for plasma creation. These characteristics suggested an ignition 
and transition process for a LSD wave as defined on page eight. The TVR, electron 
emission from the target, would equate to the ignition mechanism, while the flash would 
equate to a transition mechanism. Both are consistent with reported LSD wave proper- 
ties. Furthermore, data Walters gathered on LSD wave phenomena, supports this as- 


6é 


sertion. First of all, he indicated that LSD waves were ignited from “ ...numerous 
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luminosity sites...” on the target surface [ref. 5}. An initial electron burst from a target 
whisker could correspond to a luminosity site. Also, Walters reported that laser 
irradiances of 10° ~ 10% watts per square centimeter, from a 75 joule, TEA CO, laser on 
aluminum targets, initiated LSD waves in atmospheric pressure. He further reported 
that LSD ignition occurred 50 nanoseconds into the laser pulse [ref. 5]. For this exper- 
iment, based on a 0.09 square centimeter focal spot area, a pulse irradiance of 2.8 x 10° 
Watts per square centimeter was calculated. See Appendix D for details. The differences 
In ignition response times, 50 nanoseconds vs 170 nanoseconds, is attributed to this ex- 
periment being conducted in vacuum as opposed to atmospheric pressure. Therefore. the 
desorption process prior to the TVR would delay the occurrence of LSD ignition. At 
atmospheric pressure the neutral density, required for LSD ignition via enhanced field 
enussion, would already exist. [ref. 5] 
3. Current Deductions 

The initial objective of this experiment was accomplished in that the currents 
induced by incident laser radiation were quantitatively established. When resistances to 
ground were high, the associated currents were small. On the other hand, a current of 
500 amps was calculated at a resistance of 0.1 ohms. The reason for this result can be 
qualitatively explained as follows. When electrons are initially emitted from the target, 
the target surface immediately assumes a positive potential. For cases where resistance 
to ground is high, the magnitude of the positive potential is such that all but the most 
energetic electrons a drawn back to the surface and only a few escape to the vacuum 
chamber wall to complete the circuit. Therefore, the currents are small. On the other 
hand, when resistance to ground 1s small (less than one ohm) the magnitude of the pos- 
itive potential is such that more electrons can escape to the vacuum chamber wall re- 


sulting in larger currents, 
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A recommendation for further research is suggested to determine if an 





electromagnetic pulse is the result of such’ a@ Current enemies gives rise to an 


d 
dt 
electromagnetic wave, and as dt gets small, nanoseconds for this experiment, the wave 
could feasiblv turn into an electromagnetic pulse (EMP). If this could be shown, de- 
pending on the magnitude of the pulse, a possible application would be damage to elec- 
trical components susceptible to EMP. 
4. TVR and Pressure Dependence 
It was noted that background gas pressures above 50 mulli-torr tended to sup- 
press the magnitude of the TVR. Conversely, below this value, a unique double-spike 
phenomenon occured. At higher pressures, the density of atmospheric neutrals is in- 
creased. This corresponds to a decrease in the mean free path between collisions. 
Consequently, the flux of ions subject to pressure gradients toward the target surface 
would be reduced, as well as the flux of fast electrons blown off. This would correspond 
to a reduction in ion concentration around surface whiskers and proportional decreases 
in electron emission and the magnitude of the TVR. The result is that the voltage re- 
sponse is suppressed. On the other hand. at low pressures, the reduction of the neutral 
density allows, not onlv for a higher magnitude response, but also multiple emissions as 


1s indicated by the second spike. 


C. CONCLUSIONS 

It was concluded that the objectives of the experiment where met. The Target volt- 
age potential was successfully measured, and values ranging from 22 to 140 volts were 
observed. Subject to the assumption of a few anomalous free electrons , and taking into 
account target surface features, it was claimed that field enhanced emission was the 
mechanism by which electrons were drawn from the target surface. This was concluded 
after thermionic electron emission was ruled out due to the low laser energies deposited 
to the target surface atoms prior to the TVR. Consequently, it could not be claimed that 
the target was the sole source of the initial electron density as was originally postulated. 
Interpretation of the TVR, led to the conclusion that an iniual electron emission was 
followed by target surface breakdown and the creation of a dense plasma. Correlation 
of the TVR with the flash associated with surface breakdown showed that electron 
emussion from the target was the beginning mechanism for plasma creation. These 
characteristics suggested that what was being observed was the ignition and transition 
ofa LSD wave. Target currents up to 500 amps were calculated suggesting the possi- 


bility of electromagnetic pulse phenomena. High pressures tended to suppress the mag- 


nitude of the TVR and below 50 milli-torr the TVR showed a double spike indicating 
multiple emission of electrons from the target surface. In all cases plasmas were formed 


and damage to the target was primarily due to Unipolar-Arcing. 
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APPENDIX A 


Table 3. RAW DATA: Experimental errors shown in row | apply to all subse- 
quent rows. 
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APPENDIX  B 


Table 4. ENERGY PER SHOT 
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APPENDIX C 


Table 5. LASER FLOW,CHARGING CURRENT SETTINGS: These settings 
were used for everv phase of the experiment. 
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Table 6. OSCILLOSCOPE SETTINGS FOR VOLTAGE MEASUREMENT 
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Table 7. OSCILLOSCOPE SETTINGS FOR TVR CORRELATION, 3 INPUTS 
Vertical Mode 
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APPENDIX D 


This appendix contains the calculation of numbers referred to in the body of the 
paper. The equations used for the determination of the propagation of experimental er- 


rors are listed in Bevington, chapter four [retal): 


A. CALCULATION OF TIME TO TVR. 


From Figure 22, the laser pulse was extrapolated back to find how far into the 


laser-target interaction the TVR occured. 





Figure 33. Laser Pulse Extrapolation 


Similarly, from Figure 28 the interval was had bv inspection. Therefore, averaging these 


to Values, the mean interval to the [VR is resorted mean] 


170 + 40 nanoseconds. 
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B. CALCULATION OF LASER PULSE INTENSITY 
Mean Focal Spot Diameter = 0.35 + 0.02ci 
Mean Focal Area = 0.09 + 0.03cn° 
Mean Energy = 13+ 1/ 
Pulse width = Sus 


47 
[= (2.8 £0.6) x 10’ —— 
Cia 


C. THERMIONIC EMISSION 
Graphic integration of the laser pulse from initiation to 170 nanoseconds showed 


that the energy delivered to the target prior to electron emission was, 
(1.0+0.5) x 1077, 
Or, 
; ieee 
(Oe SIO er. 


ison 2024 aluminum the cell structure is face centered cubic (FCC) for which the lattice 


parameter a, is given by, 





where, 


r = Atomic Radius = 1.82A. 


cn? 
Cel 
there are two atoms per cell surface and the focal spot area is 0.09 + 0.03cm7, the total 





iiieretore the FCC cell surface area is a, which equals 7.65 x 10-5 Given that 


number of atoms in thie first laver of the focal spot area is given by, 


NV = 6.79 x 10'2Atoms. 
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Dividing the total energy delivered to the target in 170 nanoseconds by the total num- 


bers of atoms in the first layer of the focal spot area gives, 





4 wie 
a: 


D. CALCULATION OF MEAN TVR PULSE WIDTH 
The seven pulse widths from Table 1 on page 23 were averaged. Therefore the mean 


pulse width of the TVR 1s reported to be, 


30 + Ons. 
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